A fully automatic, four-axis gonioreflectometer is described. It has an angular accuracy of 0.3°and a range of 90°in both the i and the r zenith angles. The gonioreflectometer is simpler than previous designs because of its use of rotating arms rather than moving carriages to mount the optical components. Where possible, commercial components have been used to reduce the cost. A novel off-axis angular encoding scheme is also described.
Introduction
The scattering of electromagnetic radiation from rough surfaces is a subject of wide interest with considerable effort devoted to theory, modeling, and applications. The bidirectional reflectance distribution function ͑BRDF͒, which describes the reflectance properties of a surface, is highly dependent on the refractive index and the texture of the surface. Although there has been modest success in BRDF theory, the results are principally qualitative and not sufficiently accurate for many applications dealing with rough surfaces. Therefore applications requiring the BRDF often necessitate measurement of the surface of interest.
The development of the gonioreflectometer described here was motivated by the problem of correcting radiation thermometry measurements for the effects of reflected radiation. 1 Temperature is often a critical process parameter in energy-intensive industries, affecting both productivity and plant life. In most industrial situations in which radiation thermometry is the only means of temperature measurement, the object to be measured is surrounded by hot furnace walls, flames, heaters, etc. Reflection of radiation originating from these neighboring hot objects is a significant source of error. Determination of the shape of the BRDF for the surface of the object of interest is an important factor in accurately modeling the reflection errors.
The full characterization of the BRDF for a rough surface requires many measurements. For isotropic surfaces, more than 2500 data points are needed to sample the three-dimensional BRDF at every 10°. For nonisotropic surfaces, which have a fourdimensional ͑4-D͒ BRDF, more than 100,000 data points are required. Clearly, measurements of BRDF must be automated. Because of the 4-D nature of the BRDF, gonioreflectometers tend to be complex instruments and often have the source and the detector mounted on carriages that move on fixed semicircular rails. [2] [3] [4] In some cases the instruments are simplified when the surfaces are assumed to be isotropic so that a three-axis instrument is sufficient. 5 On the basis of two moving axes and a CCD camera to sample the other two dimensions, Ward 4 presented an elegant system that is very fast but has a lower accuracy than the full four-axis systems.
In this paper we describe the design and the performance of a relatively simple four-axis gonioreflectometer with an absolute angular accuracy of 0.3°. The instrument employs readily available commercial components, so it is simpler and less expensive to manufacture than other four-axis designs.
Reflectometer Design

A. Purpose
The primary purpose of the reflectometer is to measure the BRDF of heavily oxidized, sometimes curved, metallic surfaces with a roughness of the order of 1 mm. These are surfaces typical of those found in industries, particularly high-temperature industries, in which radiation thermometry finds its largest application. When dealing with such surfaces, it is difficult to define the tangent plane of the surface. Also, apart from possible retroreflection peaks, 6 the BRDF for these surfaces does not change rapidly with any of the dependent angles. Therefore an angular accuracy of Ϯ1°is generally sufficient. A wide range of both incident and reflectance angles is required since typical surfaces exhibit near-specular peaks in the BRDF for large angles of incidence. 1 As a secondary requirement, we have specified that the instrument should have the same coordinate system as the conventional BRDF definition ͑Fig. 1͒. With this geometry, the BRDF,
where i and i are the zenith and the azimuthal angles, respectively, of the incident flux; r and r define the direction of reflection; L i is the irradiance in the incident direction over the solid angle d i ; and dL r is the differential radiance of the reflected flux in the direction of reflection.
B. Mechanical
Figure 2 is a photograph of the gonioreflectometer. The mechanical design is similar to that employed in conventional instruments, except that the light source and the detector are fixed on the ends of rotating arms. The arms are manufactured from thick-wall aluminum tubing, which is sufficiently stiff to limit torsionally induced misalignments to less than 0.3°. The use of the arms and the fixed optics simplifies the mechanical design by allowing the use of commercially available telescope drive mechanisms to rotate the arms. Both the sample turntable and the turntable carrying the source are mounted on commercially available ring bearings consisting of a ring with a tapered edge constrained kinematically by three V-slotted roller bearings. The sample turntable is driven with a third telescope drive, and the large ring bearing, which is toothed on the inner perimeter, is driven by means of a 50:1 gear box. All four axes are driven by four-phase 100-step per revolution stepper motors that, in combination with 360:1 worm gears, achieve an angular resolution of 0.0025°on the telescope drives, and 0.0013°on the large ring bearing. The angular positions of the two rotating arms and the sample turntable are each measured with 12-bit binary optical encoders mounted on the axis of the drive mechanisms; thus they provide a resolution in the measured angle of approximately 0.1°. The stepper motor controllers have the facility for setting the value of both the acceleration and the deceleration of the motors. The motors are brought to a gradual halt before each reading is taken, thus minimizing vibrations in the moving arms to an amplitude of approximately 0.01°.
Because there is no mechanical access to the axis of the large ring bearing, an alternative encoding mechanism was required. This was achieved with two optical encoders coupled to the 501-tooth ring bearing by means of 32-and 33-tooth gears. The two encoders give a unique pair of readings provided that the movement of the ring bearing is restricted to a total of 360 ϫ 32 ϫ 33͞501°͑ϳ760°͒. The angular position i of the bearing is related to the difference between the readings from the two encoders according to
where R 1 and R 2 are the readings of the encoders on the 32-and the 33-toothed gears, respectively, and range from 0 to 4095, and 0 is an arbitrarily assigned offset. Because the encoder readings are quantized, the position given by Eq. ͑2͒ is not a monotonically increasing function. This reduces the effective resolution given by Eq. ͑2͒ to 11 binary bits, and since the bearing may rotate through more than two revolutions, the angular resolution given by the twoencoder system and by Eq. ͑2͒ is approximately 0.4°. However, once Eq. ͑2͒ has been used to compute an approximate angular position, the actual reading from either of the two encoders may be used to provide a higher resolution of approximately 0.006°.
All the stepper motors and the optical encoders are interfaced to a computer by means of a single RS232 line with a pair of two-axis stepper motor control cards. Buffered input-output ports on the cards are used to multiplex and to read the five optical encoders.
C. Optical
There are two possible optical configurations for the gonioreflectometer. One has a wide-angle uniform illumination of the sample and a detector with a narrow field of view to define the sample area, whereas the second has a narrow beam illumination of the sample that defines the sample area and a detector with a wide field of view. The first option was rejected because of the loss of optical power involved with conditioning the source to achieve a uniform illumination. The second option has the additional advantage of making the detector alignment noncritical.
The optical system consists of a compact 150-mW diode laser for the source and a single-lens radiometer with a silicon photodiode for the detector. The laser operates at a wavelength of 840 nm and has an elliptical beam producing a 1.3 mm ϫ 4.2 mm spot on the sample at normal incidence. The size of the sample determines the limit to the maximum value of i , such that the projection of the small axis of the elliptical spot, 1.3͞cos i mm, is less than the sample diameter. For example, with a 30-mm-diameter sample, the maximum value of i is 87.5°. Although the sample turntable was designed to carry samples as large as 80 mm in diameter, samples as large as approximately 500 mm in diameter can be accommodated.
The output beam from the diode laser has a high degree of linear polarization in the direction parallel with the long axis of the laser facet combined with a small amount of elliptical polarization. The polarization state of the incident light may be selected when a linear polarizer is positioned in front of the laser and it is rotated together with the laser to select s or p polarization as required. Similarly, a rotatable linear polarizer may be positioned in front of the detector to select the polarization of the scattered light.
D. Electronic
The power supply for the diode laser has an IEEE-488 interface, constant current, constant power, thermoelectric cooling, and modulation features. The detector output is coupled to the computer by means of a Stanford Research Systems SR830 lock-in amplifier and an IEEE-488 interface. The lock-in amplifier incorporates a current input, so preconditioning the photodiode signal is not necessary. It is fully digital and includes an autogain function that results in the ability to measure over a dynamic range of at least 8 orders of magnitude in a single scan. Thus large specular peaks may be accurately measured over a diffuse background.
Alignment
In total there are 15 degrees of freedom ͑dof ͒ associated with the adjustment and the alignment of the gonioreflectometer. These are associated with leveling the instrument base ͑2 dof ͒, centering and aligning the sample turntable ͑3 dof ͒, leveling and adjusting the height of the sample ͑3 dof ͒, aligning the source ͑3 dof ͒, and aligning and focusing the detector ͑4 dof ͒.
In principle, the instrument base need not be level, but having a level base allows the use of a spirit level to adjust the level of the sample. The correct sample height is achieved when an indicator needle mounted on a small tripod is used ͑Fig. 3͒. This tripod is positioned kinematically above the sample turntable and is preset so that the point of the needle is at the intersection of the horizontal plane containing the axes of rotation of the two rotating arms and the vertical axis through the sample turntable. The sample turntable is then raised so that the sample surface is at the position of the needle. For curved surfaces, positioning the highest point of the surface at the needle ensures that the tangent to the surface is horizontal at that point.
The only difficult alignment is that associated with the laser source. This alignment is achieved when a mirror is used in the sample position and when the position of the laser is adjusted to maximize the optical feedback that occurs when the laser is aligned along the normal to the mirror and the radiation is reflected back into the laser. The addition of the mirror significantly increases the effective cavity length of the laser, and consequently there is a reduction in laser linewidth. Since the output power of a diode laser is inversely proportional to the linewidth, the power increases. The optical feedback was measured when the diode laser optical power was monitored ͑with the laser's rear-facet photodiode͒ while the laser was operated in its constant current mode. The detector was aligned and focused with a telescope eyepiece in place of the silicon detector, and a reticle was placed in the plane of the detector-defining aperture.
The angular accuracy of the two rotating arms of the gonioreflectometer ͑ i and r ͒ was confirmed when a diffraction grating ͑100 grooves͞mm͒ was used in the sample position. The detector arm ͑ r ͒ nonlinearity was determined when the laser arm ͑ i ͒ was set to 0°, as determined by the optical feedback technique, and when the detector was scanned near the expected positions of the maxima of the diffraction pattern. The r ϭ 0°position was obtained when the positions of the negative and the positive orders were averaged. The detector was then set to r ϭ 0°, and the laser arm was scanned over the diffraction orders to determine the nonlinearity in i . During these checks the detector radiometer was operated with a small aperture, giving a field of view of 0.3°.
Results and Discussion
Evaluations of the mechanical and the angular alignment of the gonioreflectometer with diffraction gratings showed that the maximum angular errors were approximately 0.3°, mostly due to the torsional effects on the rotating arms at large angles. Backlash of approximately 0.2°in the drive mechanisms was reduced when it was ensured that the software directed the stepper motors to scan always in one direction. Figures 4 and 5 show examples of BRDF measurements for a sample of reformer catalyst tube in which the detector current has been divided by that for a flat diffuse sample made from compressed polytetrafluoroethylene ͑PTFE͒ powder 8, 9 and multiplied by the BRDF of the PTFE. PTFE has a known hemispherical reflectance of 99.4 Ϯ 0.2% at normal incidence and 840 nm and hence a BRDF of 0.994͞ for all angles of reflection. For these measurements, the laser was operated in constant power mode. In this mode, the output power of the laser was monitored by the photodiode mounted at the rear facet of the laser, providing a feedback loop to control the power to a set level. This significantly reduces the effects on the output power arising from temperature drifts and optical feedback caused by retroreflection from the sample. The laser power set point was sinusoidally modulated at a frequency of 83 Hz, and the detector current was measured with a dual-phase digital lock-in amplifier. Lock-in detection is needed to eliminate the effects of background radiation on the detector signal. This will also allow future study of the reflectance properties of heated samples when a small furnace on the sample turntable is incorporated.
In Fig. 4 , the sample has been rotated about the normal to the tangent plane to highlight any anisotropy in the BRDF. For this measurement i and r were fixed at 30°and 45°, respectively. Since both i and r are referenced to the sample orientation, rotating the sample table changes both of these angles such that r Ϫ i ϭ constant; in Fig. 4 the constant was 180°. The reformer tube sample was positioned so that the axis of the tube coincided with the i ϭ 90°d irection. The peak in the BRDF near Ϫ90°and the through near 90°thus demonstrate that the tube is anisotropic as a consequence of the pouring procedure used for the molten metal during the tubecasting process. Figure 5 shows measurements of the BRDF made outside the plane of incidence. Here the detector arm ͑ r ͒ was rotated through 180°, keeping all other angles fixed at i ϭ 45°, i ϭ Ϫ15°, and r ϭ 180°. Since the width of the sample was 15 mm, the BRDF measurements were limited to angles within Ϯ85°.
The detail of the BRDF shown in both of these figures is influenced by laser speckle due to the coherence of the diode laser source. This gives rise to the apparent noise on the BRDF curves, which is in fact a consequence of the surface roughness of the sample. The speckle may be reduced when the area illuminated by the source 6 is increased or when the phase of the incident beam is randomly varied. The latter may be achieved when the laser light is passed through a fiber optic and a length of the fiber is vibrated by means of an ultrasonic bath or a loudspeaker. 10 The absolute accuracy of the measured BRDF values is dependent upon the shape of the BRDF. The BRDF is smeared by the aperture functions for the source, the sample spot, and the detector. This smearing is dominated by the 12-mm-diameter detector aperture. In the absence of speckle and for a BRDF that varies slowly with angle, the accuracy is estimated to be approximately Ϯ1% for near-normal i and r and Ϯ2% for large i and r . The speckle introduces additional uncertainty of Ϯ3% rms.
Conclusion
The use of the rotating arms to mount the detector and the source is a major simplification in the design of the gonioreflectometer. It allows a simpler alignment of the optical components and the use of commercially available drive mechanisms; hence it also has a reduced cost in its manufacture. Although the rotating arm mechanism does compromise the angular accuracy, the overall accuracy is still within 0.3°. With the optical components mounted to the side of the arms, the gonioreflectometer achieves an angular range of 90°for both the i and the r axes. However, this geometry imposes a limit to the detection of scattered light near the direction of retroreflection. The source and its arm block the detector within angles of approximately Ϯ3°of the retrodirection.
The use of ring bearings to support the two turntables also reduced the manufacturing cost and simplified the mechanical design. A novel off-axis encoder scheme to measure the angular position of the large ring bearing has also been demonstrated.
